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METHODS OF FORMING SEMICONDUCTOR
STRUCTURES INCLUDING III-V
SEMICONDUCTOR MATERIAL USING
SUBSTRATES COMPRISING MOLYBDENUM

TECHNICAL FIELD

The present disclosure relates to methods of forming semi-
conductor structures that include a III-V semiconductor

material, and to semiconductor structures formed by such
methods.

BACKGROUND

Substrates that include one or more layers of semiconduc-
tor material are used to form a wide variety of semiconductor
structures and devices including, for example, integrated cir-
cuit (IC) devices (e.g., logic processors and memory devices)
and discrete devices, such as radiation-emitting devices (e.g.,
light-emitting diodes (LEDs), resonant cavity light-emitting
diodes (RCLEDs), vertical cavity surface emitting lasers
(VCSELSs)), and radiation-sensing devices (e.g., optical sen-
sors). Such semiconductor devices are conventionally formed
in a layer-by-layer manner (1.e., lithographically) on and/or 1n
a surface of a semiconductor substrate.

Historically, a majority of such semiconductor substrates
that have been used 1n the semiconductor device manufactur-
ing industry have comprised thin discs or “wafers” of silicon
material. Such wafers of silicon material are fabricated by
first forming a large generally cylindrical silicon single crys-
tal mngot and subsequently slicing the single crystal ingot
perpendicularly to 1ts longitudinal axis to form a plurality of
silicon walers. Such silicon wafers may have diameters as
large as about thirty centimeters (30 cm) or more (about
twelve imnches (12 1n) or more). Although silicon waters gen-
crally have thicknesses of several hundred microns (e.g.,
about 700 microns) or more, only a very thin layer (e.g., less
than about three hundred nanometers (300 nm)) of the semi-
conductor material on a major surface of the silicon water 1s
generally used to form active devices on the silicon water.
However, 1n some device applications, the majority of the
silicon water thickness may be included in the electrical
path-way of one or more device structures formed from the
silicon waler, such device structures being commonly
referred to as ““vertical” device structures.

So-called “engineered substrates” have been developed
that include a relatively thin layer of semiconductor material
(e.g., a layer having a thickness of less than about three
hundred nanometers (300 nm)) disposed on a layer of dielec-
tric maternial (e.g., silicon dioxide (510,), silicon nitride
(S13N,), or aluminum oxide (Al,O,)). Optionally, the layer of
dielectric material may be relatively thin (e.g., too thin to
ecnable handling by conventional semiconductor device
manufacturing equipment), and the semiconductor material
and the layer of dielectric maternial may be disposed on a
relatively thicker host or base substrate to facilitate handling
of the overall engineered substrate by manufacturing equip-
ment. As a result, the base substrate 1s often referred to in the
art as a “handle” or “handling” substrate. The base substrate
may also comprise a semiconductor material other than sili-
con.

A wide variety of engineered substrates are known 1n the
art and may include semiconductor materials such as, for
example, silicon (S1), silicon carbide (S1C), germamum (Ge),
[I1I-V semiconductor materials, and II-VI semiconductor
materials.
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For example, an engineered substrate may include an epi-
taxial layer of III-V semiconductor material formed on a
surface of a base substrate, such as, for example, aluminum
oxide (Al,O;) (which may be referred to as “sapphire”). The
epitaxial layer may be formed on the surface of the base
substrate by a transier process from a donor structure, for
example, a donor substrate or donor ingot. The transfer from
a donor structure may be desirable when the donor matenial 1s
highly valuable or in scarce supply. Using such an engineered
substrate, additional layers of material may be formed and
processed (e.g., patterned) over the epitaxial layer of 11I-V
semiconductor material to form one or more devices on the
engineered substrate. However, the Coetlicient of Thermal
Expansion (CTE) mismatch (or difference) between the epi-
taxial layer and the base substrate comprising the engineered
substrate, may influence the formation and processing of the
additional layers of material. For example, 11 the CTE mis-
match between the epitaxial layer and the base substrate 1s
substantial, then the engineered substrate may be negatively
impacted during the formation of additional layers of mate-
rials.

In an effort to address the 1ssue of CTE mismatch between
an epitaxial layer of GalN and the base substrate, 1t has been
proposed to employ a molybdenum substrate 1n the formation

of an engineered substrate that includes a layer of GaN on the
substrate.

BRIEF SUMMARY

This summary 1s provided to introduce a selection of con-
cepts 1n a simplified form. These concepts are described 1n
further detail 1n the detailed description of example embodi-
ments of the disclosure below. This summary is not intended
to 1dentify key features or essential features of the claimed
subject matter, nor 1s 1t intended to be used to limit the scope
of the claimed subject matter.

In some embodiments, the present disclosure includes
methods of fabricating semiconductor structures. In accor-
dance with such methods, molybdenum nitride 1s formed at
one or more surfaces of a substrate comprising molybdenum,
and a layer of I1I-V semiconductor material 1s provided over
the substrate.

In additional embodiments, the present disclosure includes
semiconductor structures that include a substrate comprising
molybdenum, molybdenum nitride at an at least substantially
planar surface of the substrate, and a layer of GaN bonded to
the molybdenum nitride.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly
pomnting out and distinctly claiming what are regarded as
embodiments of the mvention, the advantages of embodi-
ments of the disclosure may be more readily ascertained from
the description of certain examples of embodiments of the
disclosure when read 1n conjunction with the accompanying
drawings, in which:

FIG. 1 1s a simplified and schematically illustrated cross-
sectional view of a substrate comprising molybdenum;

FIG. 2 illustrates molybdenum nitride at outer surfaces of
the substrate shown 1n FIG. 1;

FIG. 3 1llustrates 1ons being implanted mto a donor struc-
ture comprising a I1I-V semiconductor material;

FIG. 4 1llustrates the donor structure of FIG. 3 bonded to
the substrate having molybdenum nitride thereon as shown in

FIG. 2;
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FIG. 5 1llustrates a layer of I1I-V semiconductor matenal
transierred from the donor structure of FI1G. 3 to the substrate
having molybdenum nitride thereon;

FI1G. 6 illustrates the structure of FI1G. 5 after polishing an
exposed major surface thereof; and

FIG. 7 illustrates an additional epitaxial layer of III-V
semiconductor material formed over the transferred layer of
[1I-V semiconductor material.

DETAILED DESCRIPTION

The illustrations presented herein are not meant to be
actual views of any particular semiconductor material, struc-
ture, or device, but are merely 1dealized representations that
are used to describe embodiments of the disclosure.

Any headings used herein should not be considered to limit
the scope of embodiments of the invention as defined by the
claims below and their legal equivalents. Concepts described
in any speciiic heading are generally applicable 1n other sec-
tions throughout the entire specification.

A number of references are cited herein, the entire disclo-
sures of which are incorporated herein in their entirety by this
retference for all purposes. Further, none of the cited refer-
ences, regardless of how characterized herein, 1s admatted as
prior art relative to the mnvention of the subject matter claimed
herein.

As used herein, the term “III-V semiconductor material”
means and includes any semiconductor material that 1s at least
predominantly comprised of one or more elements from
group II1A of the periodic table (B, Al, Ga, In, and T1) and one
or more elements from group VA of the periodic table (N, P,

As, Sb, and B1). For example, I1I-V semiconductor materials
include, but are not limited to, GaN, GaP, GaAs, InN, InP,

InAs, AIN, AIP, AlAs, InGaN, InGaP, GalnN, InGaNP, Galn-
NAs, efc.

In some embodiments, the present disclosure includes
methods of fabricating semiconductor structures that include
a layer of I1I-V semiconductor material on a substrate com-
prising molybdenum. In particular, molybdenum nitride may
be formed or otherwise provided at a surface of a substrate.
The surface may be at least substantially planar. A layer of
I1I-V semiconductor material, such as GaN, may be provided
on the surface of the substrate. Examples of such methods are
disclosed below with reference to the figures.

FI1G. 1 1llustrates a substrate 100 comprising molybdenum.
The substrate 100 may comprise a generally planar water, for
example, and may be at least substantially comprised of
molybdenum. In other words, the substrate 100 may consist
essentially of molybdenum. The molybdenum may have a
polycrystalline microstructure. Thus, the substrate 100 may
be at least substantially comprised of polycrystalline molyb-
denum.

The substrate 100 may have an exposed major surface 102
on which a III-V semiconductor material, such as GaN, may
be provided, as discussed subsequently herein. The exposed
major surface 102 may be at least substantially planar.

Referring to FIG. 2, molybdenum nitride 104 may be
formed or otherwise provided at the exposed major surface
102 of the substrate 100. The molybdenum nitride 104 may
comprise a MoN phase, a Mo,N phase, or both MoN and
Mo, N phases. As shown 1n FIG. 2, 1n some embodiments, the
substrate 100 may be at least substantially encapsulated with
molybdenum nitride 104.

The molybdenum nitride 104 may be present 1n the form of
a layer of molybdenum nitride 104, and the layer of molyb-
denum nitride 104 may have an average layer thickness of
between about one nanometer (1 nm) and about five hundred
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nanometers (500 nm), and, more particularly, between about
ten nanometers (10 nm) and about one hundred nanometers
(100 nm).

The molybdenum nitride 104 may be formed by introduc-
ing nitrogen atoms into the surfaces of the substrate 100, such
as the exposed major surface 102, and nitriding a volume of
the molybdenum within the substrate 100. In other embodi-
ments, the molybdenum nitride 104 may be formed by grow-
ing, depositing or otherwise forming a layer of molybdenum
nitride 104 on the surfaces of the substrate 100.

As a non-limiting example, the molybdenum nitride 104
may be formed by exposing the substrate 100 to a microwave
plasma comprising nitrogen radicals. In particular, an
expanding plasma activated by microwave discharge may be
directed onto surtaces of the substrate 100 comprising molyb-
denum that are to be nitrided. The plasma may be generated 1n
an environment comprising a gas or gaseous mixture that
includes nitrogen (N, ). In the case of gaseous mixtures, one or
more of hydrogen gas (H, ) and inert gas (e.g., argon) may also
be present. Such processes are discussed in further detail 1n,
for example, Touimi et al., 4 ritriding process of very thin
molybdenum films in an expanding microwave plasma at low
temperature, IOP Cont. Series: Materials Science and Engi-
neering 12 (2010), which 1s incorporated herein 1n 1ts entirety
by this reference.

As another non-limiting example, the molybdenum nitride
104 may be formed by utilizing a reactive sputtering process
to deposit a molybdenum nitride film onto surfaces of the
substrate 100 that are to include the molybdenum nitride 104.
The substrate 100 may be provided within a sputter deposi-
tion system. An at least substantially pure molybdenum target
may be used to sputter molybdenum during the sputter depo-
sition process. Also, a gas or gaseous mixture that includes
nitrogen (N, ) may be provided within the deposition system
during the deposition process. In the case of gaseous mix-
tures, one or more of hydrogen gas (H,) and inert gas (e.g.,
argon) may also be present. During the deposition process,
the sputtered molybdenum may react with the nitrogen within
the deposition system to deposit the molybdenum nitride 104
on the substrate 100. Such processes are discussed 1n further
detail in, for example, Y. Wang and R. Lin, Amorphous molyb-
denum nitride thin films prepared by reactive sputter deposi-
tion, Materials Science & Engineering B, vol. 112, pp. 42-49
(Elsevier 2004), which 1s incorporated herein in 1ts entirety by
this reference.

As another non-limiting example, the molybdenum nitride
104 may be formed by atomic layer deposition (ALD) pro-
cesses. For example, a molybdenum precursor, such as
molybdenum pentachloride or bis(tert-butylimido)-bis(dim-
cthylamido)molybdenum maybe utilized in an ALD process
with a nitrogen precursor, such as ammonia. The molybde-
num precursor and nitrogen precursor may be alternatively
pulsed mto a reaction chamber to form the molybdenum
nitride 104. Such processes are discussed 1n further detail 1n,
for example, V. Miikkulainen et al, Atomic Layer Deposition
of Molybdenum Nitride from DBis(tert-butylimido)-bis(dim-
ethylamido)molybdenum and Ammonia onto Several Types of
Substrate Materials with Equal Growth per Cycle, Chem.
Mater., vol. 19, pp. 263-269 (2007), which 1s incorporated
herein 1n 1ts entirety by this reference.

As vyet another non-limiting example, the molybdenum
nitride 104 may be formed by annealing the substrate 100 in
an environment comprising nitrogen gas (N,) and hydrogen
gas (H,) at a temperature greater than about 400° C., and,
more particularly, at temperatures from about 400° C. to
about 1,000° C. (e.g., about 650° C.). The volumetric ratio of

hydrogen gas to nitrogen gas within the annealing chamber
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may be between about 0.05 and about 10.00. The annealing
time may be from one (1) minute to one hundred (100) min-
utes or more. Such processes are discussed 1n further detail 1n,
for example, T. Amazawa and H. Oikawa, Nitridation of
vacuum evaporated molybdenum films in H./N, mixtures, J.
Vac. Sci. Technol. A, vol. 16(4), July/August, pp. 2510-16
(1998), which 1s incorporated herein 1n 1ts entirety by this
reference.

The crystallinity of an exposed major surface 106 of the
molybdenum nitride 104 may be less than a crystallinity of
the exposed major surface 102 of the substrate 100 prior to
formation of the molybdenum nitride 104. The exposed major
surface 102 of the substrate 100 may have a polycrystalline
microstructure. The molybdenum nitride 104 may be formed
to have an amorphous microstructure in some embodiments.
In other embodiments, the molybdenum nitride 104 may be
formed to have a polycrystalline microstructure. In such
embodiments, the molybdenum nitride 104 may be formed to
comprise material grains that exhibit an average grain size
that 1s less than an average grain size ol maternal grains at the
exposed major surface 102 of the substrate 100 prior to for-
mation of the molybdenum nitride 104. As a non-limiting,
example, the molybdenum nitride 104 may be formed to
comprise material grains that exhibit an average grain size of
about ten nanometers (10 nm) or less, and, more particularly,
about two and one half nanometers (2.5 nm) or less.

By providing the molybdenum nitride 104 with an amor-
phous microstructure, or with a polycrystalline microstruc-
ture having a relatively fine grain structure, unwanted difiu-
s1on of molybdenum or other elements out from the substrate
100 and into subsequently formed overlying materials during
subsequent processing may be hindered. Further, by encap-
sulating the substrate 100 1n molybdenum nitride 104, the
encapsulated substrate 100 may be subjected to environments
that might otherwise consume or degrade the substrate 100,
such as environments comprising chlorine gas and/or hydro-
chloric acid vapor at elevated temperatures.

Molybdenum nitride may exhibit a hardness that 1s greater
than a hardness exhibited by elemental molybdenum. Thus,
the molybdenum nitride 104 may be formed such that an
exposed major surface 106 of the molybdenum nitride 104
exhibits a hardness that 1s higher than a hardness exhibited by
the exposed major surface 102 of the substrate 100 prior to
forming the molybdenum nitride 104. By way of example and
not limitation, the exposed major surface 106 of the molyb-
denum nitride 104 may exhibit a Vickers hardness HV of at
least about 173, and, more particularly, a Vickers hardness
HV of about 200 or more.

Due to the increased hardness and reduced crystallinity of
the exposed major surface 106 of the molybdenum nitride
104, 1t may be relatively easier to polish and smooth the
exposed major surface 106 of the molybdenum nitride 104 1n
preparation for subsequent processing, relative to the under-
lying exposed major surface 102 of the substrate 100. Thus,
aiter forming the exposed major surface 106 of the molybde-
num nitride 104, the exposed major surface 106 of the molyb-
denum nitride 104 may be subjected to one or more of an a
grinding process, a polishing process, and an etching process
(e.g., a chemical-mechanical polishing (CMP) process) to
reduce a surface roughness of the exposed major surface 106
of the molybdenum nitride 104. Thus, the molybdenum
nitride 104 may be formed such that an exposed major surface
106 of the molybdenum mitride 104 exhibits a surface rough-
ness Rathat 1s less than a surface roughness Ra of the exposed
major surface 102 of the substrate 100 prior to forming the
molybdenum nitride 104. By way of example and not limita-
tion, the surface roughness Ra of the exposed major surface
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106 of the molybdenum nitride 104 may be about five nanom-
eters (S nm) or less, about three nanometers (3 nm) or less, or
even about two nanometers (2 nm) or less. In embodiments 1n
which the molybdenum nitride 104 has an amorphous micro-
structure, the molybdenum nitride 104 may exhibit such lev-
¢ls of surface roughness upon formation of the molybdenum
nitride 104 without the need for subsequent polishing or
ctching, as there may be no roughness resulting from the
presence of grain boundaries.

After providing the molybdenum mitride 104 on the sub-
strate 100, a I1I-V semiconductor material may be provided
over the at least substantially planar exposed major surface
102 of the substrate 100. As anon-limiting example, alayer of
GaN may be provided over the at least substantially planar
exposed major surface 102 of the substrate 100 as subse-
quently described, although other I1I-V semiconductor mate-
rials may be provided 1n additional embodiments.

A layer of GaN may be provided over the at least substan-
tially planar exposed major surface 102 of the substrate 100
by Jondmg a separately formed layer of GaN to the exposed
major surface 106 of the molybdenum nitride 104, or by
growing or otherwise depositing GaN on the exposed major
surface 106 of the molybdenum nitride 104.

In some embodiments, a layer of GaN may be provided
over the at least substantially planar exposed major surface
102 of the substrate 100 by transferring a layer of GaN from
a donor structure onto the exposed major surtace 106 of the
molybdenum nitride 104. By way of example and not limita-
tion, the process known 1n the art as the SMART-CUT®
process may be used to transfer a layer of GaN from a donor
structure onto the exposed major surface 106 of the molyb-

denum nitride 104.
The SMART-CUT® process 1s described 1n, for example,

U.S. Pat. No. RE39,484 to Bruel (1ssued Feb. 6, 2007), U.S.
Pat. No. 6,303,468 to Aspar et al. (1ssued Oct. 16, 2001), U.S.
Pat. No. 6,335,238 to Aspar et al. (1ssued Jan. 1, 2002), U.S.
Pat. No. 6,756,286 to Moriceau et al. (issued Jun 29, 2004),
U.S. Pat. No. 6,809,044 to Aspar et al. (1ssued Oct. 26, 2004),
and U.S. Pat. No. 6,946,365 to Aspar etal. (Sep. 20, 2003), the
disclosures of which are incorporated herein 1n their entireties

by this reference.
The SMART-CUT® process 1s briefly described below

with reference to FIGS. 3 through 6. Referring to FIG. 3, a
plurality of 1ons (e.g., one or more of hydrogen, helium, or
inert gas 1ons) may be implanted 1nto a donor structure 200
along an 1on implant plane 202. The donor structure 200 may
comprise a bulk crystalline semiconductor matenal, such as
monocrystalline GaN. The implantation of 10ns 1s represented
in FI1G. 3 by directional arrows 204. The implanted 10ns along
the 1on 1mplant plane 202 define a weakened 10n 1mplant
plane within the donor structure 200, along which the donor
structure 200 subsequently may be cleaved or otherwise frac-
tured. As known 1n the art, the depth at which the 10ons are
implanted 1nto the donor structure 200 1s at least partially a
function of the energy with which the 1ons are implanted into
the donor structure 200. Generally, 1ons implanted with less
energy will be implanted at relatively shallower depths, while
ions 1mplanted with higher energy will be implanted at rela-
tively deeper depths.

Referring to FI1G. 4, the donor structure 200 1s bonded to
the major surface 106 of the molybdenum nitride 104 on the
substrate 100, atter which the donor structure 200 is cleaved
or otherwise fractured along the 1on implant plane 202. To
bond the donor structure 200 to the molybdenum nitride 104,
the bonding surfaces of the donor structure 200 and the
molybdenum nitride 104 may be brought into direct physical
contact and direct molecular bonds may be established
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between the molybdenum nitride 104 and the donor structure
200 to form the structure shown 1n FIG. 4.

After the bonding process, the bonded donor structure 200
may be cleaved or otherwise fractured along the 10n implant
plane 202. For example, the donor structure 200 (with the
substrate 100 bonded thereto) may be heated to cause the
donor structure 200 to fracture along the 1on implant plane
202. Optionally, mechanical forces may be applied to the
donor structure 200 to assist in the cleaving of the donor
structure 200 along the 10n implant plane 202.

As shown 1n FIG. 5, after the donor structure 200 has been
cleaved or otherwise fractured along the ion implant plane
202, a portion of the donor structure 200 remains bonded to
the molybdenum nitride 104 over the exposed major surface
102 of the substrate 100, which portion defines a layer of GaN
108. A remainder of the donor structure 200 may be reused 1n
turther SMART-CUT® processes to transier additional por-
tions of the donor structure 200 to additional substrates.

After the fracturing process, an exposed major surface 110
of the layer of GaN 108 comprises a fractured surface of the
donor structure 200, and may include ion impurities and
impertections in the crystal lattice of the layer of GaN 108.
The GaN 108, 1n some applications, may comprise a single
crystal of GaN (1.e., monocrystalline GaN). The layer of GaN
108 may be treated 1n an effort to reduce impurity levels and
improve the quality of the crystal lattice (L e., reduce the
number of defects 1n the crystal lattice proximate the exposed
major surface 110) 1n the layer of GaN 108. Such treatments
may 1involve one or more of grinding, polishing, etching, and
thermal annealing.

In other embodiments, the layer of GaN 108 may be pro-
vided on the molybdenum mitride 104 over the exposed major
surface 102 of the substrate 100 by epitaxially growing or
otherwise depositing the layer of GaN 108 on the molybde-
num nitride 104, or by bonding bulk crystalline GaN to the
molybdenum nitride 104 and subsequently thinming the bulk
crystalline GalN using one or more of a grinding process, a
polishing process, and an etching process (e.g., a chemical-
mechanical polishing process).

Referring to FIG. 7, one or more additional layers of I1I-V
semiconductor material may be provided over the layer of
GaN 108. For example, as shown 1n FIG. 7, an additional
layer 112 comprising GaN or InGaN may be epitaxially
grown on the layer of GaN 108. Optionally, active device
structures (such as active regions, transistors, conductive
lines and vias, etc.) may be subsequently fabricated 1n and/or
on the additional layer 112 of GaN or InGaN to complete
formation of an active semiconductor device, such as a radia-
tion-emitting device (e.g., a light-emitting diode (LED), a
laser diode, etc.) or a radiation receiving device (e.g., an
optical sensor, a solar cell, etc.).

Molybdenum exhibits a coetlicient of thermal expansion
(CTE) of about 5.5x107°K™", and GaN exhibits a closely
matching CTE of about 5.6x107°K~". By providing the layer
of GaN 108 on a substrate 100 comprising molybdenum,
problems associated with mismatch between the coellicients
of thermal expansion of the layer of GaN 108 and the sub-
strate 100 may be avoided when the layer of GaN 108 and the
substrate 100 are heated and cooled during epitaxial growth
of the additional layer 112 comprising GalN or InGaN and
other subsequent processing. Further, by providing the
molybdenum nitride 104 on the substrate 100 as described
herein, improved bonding between the layer of GaN 108 and
the substrate 100 may be attained. Further, problems associ-
ated with processing exposed elemental molybdenum may be
avolded by encapsulating the substrate 100 comprising
molybdenum with molybdenum nitride 104, as previously
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described herein. Methods similar to those described herein
may be applied to other substrates comprising metals or metal
alloys and overlying layers of other types of semiconductor
material, wherein the substrates and the semiconductor mate-
rials have closely matching coelficients of thermal expansion
(e.g., coellicients of thermal expansion within about two and
one-half percent (2.5%) of one another), by providing a metal
nitride at outer surfaces of the substrate prior to bonding.

Additional non-limiting example embodiments of the dis-
closure are set forth below.

Embodiment 1: A method of fabricating a semiconductor
structure, comprising: forming molybdenum nitride at an at
least substantially planar surface of a substrate comprising
molybdenum; and providing a layer of GaN over the at least
substantially planar surface of the substrate.

Embodiment 2: The method of Embodiment 1, further
comprising selecting the substrate to be at least substantially
comprised of molybdenum.

Embodiment 3: The method of Embodiment 2, further
comprising selecting the substrate to be at least substantially
comprised of polycrystalline molybdenum.

Embodiment 4: The method of any one of Embodiments 1
through 3, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises at
least substantially encapsulating the substrate with molybde-
num nitride.

Embodiment 5: The method of any one of Embodiments 1
through 4, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
introducing nitrogen 1nto the at least substantially planar sur-
face of the substrate and forming the molybdenum nitride 1n
the at least substantially planar surface of a substrate.

Embodiment 6: The method of any one of Embodiments 1
through 4, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
depositing molybdenum nitride on the at least substantially
planar surface of the substrate.

Embodiment 7: The method of Embodiment 6, wherein
depositing molybdenum nitride on the at least substantially
planar surface of the substrate comprises depositing the
molybdenum nitride using at least one of a chemical vapor
deposition process, a sputtering process, and an atomic layer
deposition process.

Embodiment 8: The method of any one of Embodiments 1
through 4, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
growing molybdenum nitride on the at least substantially
planar surface of the substrate.

Embodiment 9: The method of any one of Embodiments 1
through 8, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
providing an exposed major surface of the molybdenum
nitride with a surface roughness less than a surface roughness
of the at least substantially planar surface of the substrate.

Embodiment 10: The method of any one of Embodiments
1 through 9, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
providing an exposed major surface of the molybdenum
nitride with a crystallinity less than a crystallinity of the at
least substantially planar surface of the substrate.

Embodiment 11: The method of Embodiment 10, wherein
providing the exposed major surface of the molybdenum
nitride with a crystallinity less than a crystallinity of the at
least substantially planar surface of the substrate prior to
forming the molybdenum nitride comprises forming the
molybdenum nitride to comprise amorphous molybdenum
nitride.
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Embodiment 12: The method of Embodiment 10, wherein
providing the exposed major surface of the molybdenum
nitride with a crystallinity less than a crystallinity of the at
least substantially planar surface of the substrate prior to
forming the molybdenum nitride comprises forming the
molybdenum nitride to comprise material grains having an
average grain size less than an average grain size of material
grains ol the substrate at the exposed major surface of the
substrate.

Embodiment 13: The method of any one of Embodiments
1 through 12, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
exposing the substrate to a microwave plasma comprising
nitrogen radicals.

Embodiment 14: The method of any one of Embodiments
1 through 12, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
utilizing a reactive sputtering process to deposit a molybde-
num nitride film on the at least substantially planar surface of
the substrate.

Embodiment 135: The method of any one of Embodiments
1 through 12, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
annealing the substrate 1n an environment comprising nitro-
gen and hydrogen at a temperature greater than about 400° C.

Embodiment 16: The method of any one of Embodiments
1 through 13, wherein forming molybdenum nitride at the at
least substantially planar surface of the substrate comprises
forming an exposed major surface of the molybdenum nitride
to exhibit a hardness greater than a hardness exhibited by the
exposed major surface of the substrate.

Embodiment 17: The method of Embodiment 16, further

comprising forming the exposed major surface of the molyb-
denum nitride to exhibit a Vickers hardness HV of about 175
Or more.

Embodiment 18; The method of any one of Embodiments
1 through 17, further comprising subjecting an exposed major
surface of the molybdenum nitride to at least one of a grinding
process, a polishing process, and an etching process.

Embodiment 19: The method of any one of Embodiments
1 through 18, wherein providing a layer of GalN over the at
least substantially planar surface of the substrate comprises
bonding the layer of GaN to an exposed major surface of the
molybdenum nitride.

Embodiment 20: The method of Embodiment 19, wherein
providing a layer of GaN over the at least substantially planar
surface of the substrate comprises: implanting 1ons nto a
GalN donor structure and forming a weakened ion 1mplant
plane within the GalN donor structure, the layer of GaN
defined on a side of the weakened 1on implant plane; bonding
the GalN donor structure to the exposed major surface of the
molybdenum nitride; and fracturing the GaN donor structure
along the weakened 10on implant plane leaving the layer of
GaN bonded to the exposed major surtace of the molybdenum
nitride.

Embodiment 21: The method of any one of Embodiments
1 through 20, turther comprising epitaxially growing at least
one layer of III-V semiconductor material on the layer of
(saN.

Embodiment 22: A semiconductor structure, comprising: a
substrate comprising molybdenum; molybdenum nitride at
an at least substantially planar surface of the substrate; and a
layer of GaN bonded to the molybdenum nitride.

Embodiment 23: The semiconductor structure of Embodi-
ment 22, wherein the substrate 1s at least substantially com-
prised of molybdenum.
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Embodiment 24: The semiconductor structure of Embodi-
ment 23, wherein the substrate 1s at least substantially com-
prised of polycrystalline molybdenum.

Embodiment 25: The semiconductor structure of any one
of Embodiments 22 through 22, wherein the molybdenum
nitride comprises a layer of molybdenum nitride disposed
between the substrate and the layer of GalN.

Embodiment 26: The semiconductor structure of Embodi-
ment 25, wherein the layer of molybdenum mitride has an
average layer thickness of between about one nanometer (1
nm) and about five hundred nanometers (500 nm).

Embodiment 27: The semiconductor structure of any one
of Embodiments 22 through 26, wherein the molybdenum
nitride comprises at least one of MoN and Mo, N.

Embodiment 28: The semiconductor structure of any one
of Embodiments 22 through 27, wherein the substrate 1s at
least substantially encapsulated with molybdenum nitride.

Embodiment 29: The semiconductor structure of any one
of Embodiments 22 through 28, wherein the molybdenum
nitride comprises amorphous molybdenum nitride.

Embodiment 30: The semiconductor structure of any one
of Embodiments 22 through 28, wherein the molybdenum
nitride comprises polycrystalline molybdenum nitride having
an average grain size of about ten nanometers (10 nm) or less.

Embodiment 31: The semiconductor structure of any one
of Embodiments 22 through 30, wherein the layer of GaN 1s

bonded to the molybdenum nitride with direct molecular
bonds.

Embodiment 32: The semiconductor structure of any one
of Embodiments 22 through 31, further comprising at least
one epitaxial layer of III-V semiconductor material on the
layer of GaN.

The example embodiments of the disclosure described
above do not limit the scope of the mvention, since these
embodiments are merely examples of embodiments of the
invention, which i1s defined by the scope of the appended
claims and their legal equivalents. Any equivalent embodi-
ments are mtended to be within the scope of this invention.
Indeed, various modifications of the disclosure, 1n addition to
those shown and described herein, such as alternate useful
combinations of the elements described, will become appar-
ent to those skilled 1n the art from the description. Such
modifications and embodiments are also intended to fall
within the scope of the appended claims.

What 1s claimed 1s:

1. A method of fabricating a semiconductor structure, com-
prising:

forming molybdenum nitride at an at least substantially

planar surface of a substrate comprising molybdenum:;
and

bonding a layer of GaN directly to an exposed major sur-

face of the molybdenum nitride at the at least substan-
tially planar surface of the substrate.

2. The method of claim 1, further comprising selecting the
substrate to be at least substantially comprised of molybde-
nuim.

3. The method of claim 2, further comprising selecting the
substrate to be at least substantially comprised of polycrys-
talline molybdenum.

4. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises at least substantially encapsulating the sub-
strate with molybdenum nitride.

5. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises introducing nitrogen into the at least sub-
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stantially planar surface of the substrate and forming the
molybdenum nitride 1n the at least substantially planar sur-
face of a substrate.

6. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises depositing molybdenum nitride on the at
least substantially planar surface of the substrate.

7. The method of claim 6, wherein depositing molybdenum
nitride on the at least substantially planar surface of the sub-
strate comprises depositing the molybdenum nitride using at
least one of a chemical vapor deposition process, a sputtering
process, and an atomic layer deposition process.

8. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-

strate comprises growing molybdenum nitride on the at least
substantially planar surface of the substrate.

9. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises providing an exposed major surface of the
molybdenum nitride with a surface roughness less than a
surface roughness of the at least substantially planar surface
of the substrate.

10. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises providing an exposed major surface of the
molybdenum nitride with a crystallinity less than a crystal-
linity of the at least substantially planar surface of the sub-
strate.

11. The method of claim 10, wherein providing the
exposed major surface of the molybdenum nitride with a
crystallinity less than a crystallinity of the at least substan-
tially planar surface of the substrate prior to forming the
molybdenum nitride comprises forming the molybdenum
nitride to comprise amorphous molybdenum nitride.

12. The method of claim 10, wherein providing the
exposed major surface of the molybdenum nitride with a
crystallinity less than a crystallinity of the at least substan-
tially planar surface of the substrate prior to forming the
molybdenum nitride comprises forming the molybdenum
nitride to comprise material grains having an average grain
s1ze less than an average grain size of matenal grains of the
substrate at the exposed major surface of the substrate.
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13. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises exposing the substrate to a microwave
plasma comprising nitrogen radicals.

14. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises utilizing a reactive sputtering process to
deposit a molybdenum nitride film on the at least substan-

tially planar surface of the substrate.

15. The method of claim 1, wherein fon ling molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises annealing the substrate 1n an environment
comprising nitrogen and hydrogen at a temperature greater

than about 400° C.

16. The method of claim 1, wherein forming molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises forming an exposed major surface of the
molybdenum nitride to exhibit a hardness greater than a hard-
ness exhibited by the exposed major surface of the substrate.

17. The method of claim 16, further comprising forming
the exposed major surface of the molybdenum nitride to
exhibit a Vickers hardness HV of about 175 or more.

18. The method of claim 1, further comprising subjecting
the exposed major surface of the molybdenum nitride to at
least one of a grinding process, a polishing process, and an
etching process.

19. The method of claim 1, wherein bonding a layer of GaN
directly to an exposed major surface of the molybdenum
nitride at the at least substantially planar surface of the sub-
strate comprises:

implanting 10ns into a GaN donor structure and forming a

weakened 1on 1mplant plane within the GaN donor struc-
ture, the layer of GaN defined on a side of the weakened
ion 1implant plane;

bonding the GaN donor structure to the exposed major

surface of the molybdenum nitride; and

fracturing the GalN donor structure along the weakened 1on

implant plane leaving the layer of GalN bonded to the
exposed major surface of the molybdenum nitride.

20. The method of claim 1, further comprising epitaxially

growing at least one layer of I1I-V semiconductor material on
the layer of GaN.
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